Although the transcription factor nuclear factor-erythroid 2 (NF-E2) is known to be functionally linked to the megakaryocytic lineage, little is known about its role in malignant megakaryocytes. We used real-time RT-PCR and Western blotting to investigate expression of NF-E2 and its partner, MafG, in CD34-derived normal (five cases) and malignant megakaryocytes from essential thrombocythemia (ET) patients (eight cases) and in megakaryoblastic cell lines. We also quantitated the mRNA of the thromboxane synthase (TXS) gene, which is directly regulated by NF-E2. Although real-time RT-PCR showed that both a and f NF-E2 isoforms were significantly reduced with respect to the normal counterpart both in ET megakaryocytes and in cell lines (P р 0.01), western blotting revealed decreased NF-E2 protein expression only in the latter. However, both the NF-E2a/MafG mRNA ratio (P р 0.01) and TXS (P р 0.01) mRNA expression were significantly reduced in megakaryocytes from ET patients and cell lines with respect to healthy subjects. These two findings provide strong indirect evidence of altered activity of the a isoform of NF-E2 in malignant megakaryocytes, raising the possibility that NF-E2 could play a role in megakaryocyte transformation.
Introduction
The transcription factor nuclear factor-erythroid 2 (NF-E2) has recently attracted much interest in the field of megakaryocytopoiesis. [1] [2] [3] [4] It is composed of two subunits (p45 and p18), each of which contains a basic region-leucine zipper DNA binding domain. 3, 5 The p18 subunit is a small Maf protein, [6] [7] [8] namely MafG, which partners the p45 subunit (ie p45 NF-E2) in megakaryocyte (MK) development. 8 The heterodimers of p45 and small Mafs can activate transcription via Mares (ie Maf recognition elements: TGCTGAC(T/GT)CAGCA), whereas the homodimers of small Mafs form repressors that act on the same sites. 6, 9 Acetilation by cAMP-response element-binding protein (CREB)-binding protein (CBP) augments DNA binding of p45 NF-E2. 10 The p45 NF-E2 subunit is almost exclusively expressed in hematopoietic progenitors and differentiated cells of the erythroid, MK, granulocyte and mast cell lineages. 5, [11] [12] [13] [14] Human p45 NF-E2 has two isoforms (a and f), which differ in the 5Ј untranslated region. 13 The gene has three exons: whereas exons 2 and 3 are common to both isoforms, exon 1 differs between the two species (exon 1a and exon 1f). The two isoforms produce the same protein but are regulated by two different promoters and are expressed in different ratios during development. Although both isoforms are always coexpressed in every human cell type, the f mRNA is more abundant in fetal liver and less abundant in adult bone marrow (BM) compared to the a isoform. 13 Mice lacking p45 NF-E2 show megakaryocytosis and severe thrombocytopenia leading to fatal hemorrhage, and also have mild to moderate anemia. 2 Loss of p45 NF-E2 interferes with MK maturation at an advanced stage: ultrastructural studies reveal a markedly reduced number of granules and failure to form platelet fields. 2 In contrast to control megakaryocytes, p45 NF-E2−/− megakaryocytes are larger, exhibit a paucity of granules, and show hyperlobulated nuclei. 2 Therefore, genes that are regulated by NF-E2 are critical to terminal MK maturation and platelet formation. MafG-deficient mice also have impaired platelet production, but they do not show a propensity to hemorrhage; therefore loss of MafG appears less severe than that of p45 NF-E2. 8 It has recently been reported that NF-E2 (or genes regulated by NF-E2) seems to play a major role in integrin ␣ IIb ␤3 signaling. 15 Experimental evidence also suggests that the TXS (thromboxane-synthase) and ␤1-tubulin genes, which are mainly expressed in MK, are directly regulated by p45 NF-E2. 16, 17 TXS transcripts are present at all stages of MK differentiation and increase in quantity during maturation. 18 Although TXS is not MK-specific, it is totally absent from p45NF-E2 MKs and normally expressed in other hematopoietic cells. 16 Essential thrombocythemia (ET) is a chronic myeloproliferative disorder whose behavior is governed principally by the abnormal proliferation of a malignant MK clone. 19, 20 ET is usually associated with elevated numbers of bone marrow megakaryocytes and of morphologically and functionally abnormal circulating platelets. 19, 21, 22 Enlarged and mature megakaryocytes with hyperploid nuclei are usually observed in ET bone marrow. 23 Even though ET is usually considered to be a clonal disease, it has recently been suggested that some patients do not have a clonal disorder. 24 The issue is complicated by the recent demonstration of monoclonal hematopoiesis in normal elderly women. 25 The cause of ET is unknown. Since few consistent cytogenetic abnormalities have been reported, [26] [27] [28] little is known about the existence of any underlying molecular lesions.
Due to the importance of NF-E2 in MK development, we investigated whether this gene plays a prominent role in malignant megakaryocytopoiesis. To do this, we studied in vitro the expression of NF-E2 and its partner, MafG, in MKs from ET patients. In particular, primary CD34
+ hematopoietic progenitor cells taken from the BM of ET patients and healthy donors were induced to differentiate along the MK lineage in liquid suspension cultures by continuous addition of 100 ng/ml thrombopoietin. Parallel experiments were performed on megakaryoblastic cell lines. NF-E2 and MafG expression pattern were monitored at both the mRNA and protein levels by quantitative reverse transcription-polymerase chain reaction (RT-PCR) and Western blot analysis, respectively. We also quantitated TXS mRNA in normal and malignant MK cells. Our results suggest that the activity (and in cell lines also the expression) of NF-E2 is altered in malignant MK cells.
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Materials and methods
Patients
BM samples were collected from eight patients (three males and five females) with ET. The diagnosis of ET followed the PVSG criteria. 29 Median age of the patients at the time of testing was 45 years (range 21-56). Median platelet count at test was 1183 × 10 9 /l (range 890-1681). At the time of the study no patient showed hemorrhagic or thrombotic complications. The patients were at diagnosis (five cases) or at least 3 months from any cytotoxic treatment (three cases). Informed consent to the study was obtained according to the Helsinki declaration of 1975 from ET patients and from five healthy BM donors.
Cell lines
One erythroid (K-562) and five MK (MK-1, MK-2, HEL, B1647, MO7e) cell lines were also analyzed for the expression of NF-E2, MafG and TXS. MK-1 and MK-2 cells 30 were maintained in Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/l dextrose supplemented with 20% fetal bovine serum (FBS Gibco-Life Technologies, Paisley, UK), 2 mM L-Glutamine (GIBCO, Grand Island, NY, USA), 10 −5 M 2-mercaptoethanol (Sigma, St Louis, MO, USA) and antibiotics. HEL cells 31 were cultured in RPMI 1640 (Gibco-Life Technologies) plus 10% fetal bovine serum (Gibco-Life Technologies) at an optimal cell density of 0.5-1 × 10 6 /ml. B1647 cells 32 were grown in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% fetal calf serum (FCS; Gibco). M07e cells 33 were cultured in IMDM plus 10% FBS plus IL-3 (10 U/ml; Genzyme, Boston, MA, USA). K-562 cells were maintained in RPMI 1640 plus FBS 10%. 34 
Purification of CD34
+ cells
For CD34 + cell selection, mononuclear cells were isolated from BM aspirates (20-30 ml) by Ficoll-Hypaque (d = 1.077 g/ml; Pharmacia, Uppsala, Sweden), rinsed and adherencedepleted overnight. After removal of adherent cells, CD34 + cells were isolated using a magnetic cell sorting program Mini-MACS (Miltenyi Biotec, Auburn, CA, USA) and the CD34 isolation kit in accordance with the manufacturer's recommendations. The purity of CD34-selected cells was determined for each isolation by using a monoclonal antibody that recognizes a separate epitope of the CD34 molecule (HPCA-2); Becton Dickinson, San Josè, CA, USA) directly conjugated to fluorescein. The percentage of CD34 + cells ranged from 89% to 97%.
Liquid suspension cultures and purification of CD34-derived MKs
To avoid the interference of serum, purified CD34 + cells (80 000/ml) were resuspended in a serum-free medium: Iscove's modified Dulbecco's medium (GIBCO) containing 10 −4 mol/l bovine serum albumin (BSA)-adsorbed cholesterol, nucleosides (uridine, adenosine, deoxyadenosine, guanosine, deoxyguanosine, cytidine, deoxycytidine, and deoxythymidine at 10 g/ml each), 0.5% BSA (Fraction V Chon), 10 g/ml insulin, 200 g/ml iron-saturated transferrin, and 5 × 10 −5 mol/l 2-␤-mercaptoethanol (all purchased from Sigma) in the presence of 100 ng/mL of human recombinant thrombopoietin (Genzyme). Every 3 days, viable cells were scored by Trypan blue dye exclusion and cultures were amplified with fresh serum-free medium, readjusting the cell density to 80 000 cells/ml. Each well was then supplemented with 100 ng/ml thrombopoietin. After 14 to 16 days of liquid culture, CD34-derived MKs were purified by means of an anti-CD41a monoclonal antibody (MoAb) (Dako, Milan, Italy) directed against the glycoproteic ␣ IIb -␤3 complex and immunobeads (MPC 450 Dynabeads; Dynal, Oslo, Norway), as previously described. 35 The purity of MKs was determined for each isolation by indirect immunofluorescence, using an anti-CD41b MoAb which reacts with a different epitope of ␣ IIb -␤3 subunit (Immunotech, Westbrook, ME, USA), followed by a goat antimouse IgG, covalently linked to fluorescein (Becton Dickinson). Cell lines were also selectively purified for ␣ IIb -␤3
+ cells by means of positive immunomagnetic selection.
Quantitative RT-PCR
After purification, CD34-derived MKs of the ET patients or healthy subjects and cell lines were processed as follows. Total cellular RNA was extracted using the commercially available RNAzol TM Kit (Cinna/Biotecx, Houston, TX, USA). cDNAs were prepared from 1 g RNA template in 50 l reaction mixtures containing 10 mM Tris HCl pH 8. 
Real-time RT-PCR
The PCR primers and TaqMan probes to amplify and detect NF-E2 (a and f isoforms), MafG or TXS were designed using the Primer Express software version 1.0 (Perkin Elmer/Applied Biosystems, Foster City, CA, USA) as follows: NF-E2a sense, CCTGCTGTGACTCCACCACA; NF-E2f sense, GGGCATTTTGCCTGGAAA; NF-E2 antisense (common to both isoforms), GCCAGAGTCTGGTCCAGGTTC. The resulting NF-E2a fragment was 68 bp, and spanned from exon 1a to exon 2. The NF-E2f transcript was 69 bp, and spanned from exon 1f to exon 2. The MafG sense and antisense sequences were CCCAATAAAGGAAACAAGGCC and GCACCGACATGGTCACCA, respectively. TXS sense and antisense sequences were ATCCCAAGCCTTCTCCTTTCA and AAACATCCGACGACCAAGATAGTAC, respectively. The TXS and MafG transcripts were 125 or 96 bp, respectively; both spanned from exon 2 to exon 3. The PCR primers were purchased from BT Biotecnica, (Saronno, Italy). The TaqMan probe for NF-E2 (AGAGCCATCTGGGCTTTCCGGG) was placed on exon 2 in order to detect both isoforms. The probe sequence for TXS (spanning exons 2 and 3) was CATTTTTCCGCCAGGGTTTTTGGGA.
That of MafG (positioned on exon 3) was AAGCGGGAGCCGGGTGAGAA. The probes were purchased labeled with 6-carboxy-fluorescein (FAM), as the reporter dye, and with 6-carboxy-tetramethyl-rhodamin (TAMRE), as the quencher fluorescent (Perkin Elmer/Applied Biosystems). In order to minimize variability in the results due to differences in the RT efficiency and/or RNA integrity among the unknown samples, the GAPDH house-keeping gene was also tested. The TaqMan-GAPDH control reagents (Perkin Elmer/Applied Biosystems) were used to amplify and detect GAPDH as recommended by the manufacturer. GAPDH expression was quantified using a 5Ј-JOE (2,7 dimethoxy-4,5-dichloro-6-carboxyfluorescein)-labeled probe. Quantitation of each of the five genes was done using standard curves established from plasmids containing their specific sequences. NF-E2a, NF-E2f, MafG, TXS and GAPDH transcripts were amplified by single PCR from cDNA of a pure population of normal CD34-derived MK cells, using the same primers employed in the real time PCR. The 68, 69, 96, 125 and 241 bp fragments, respectively, were cloned into the pCRII-Topo vector using the TOPO TA cloning kit (Invitrogen, San Diego, CA, USA). The five plasmids of 4 kb were purified using a Qiagen Mini Prep Kit (Qiagen, Chatsworth, CA, USA), according to the manufacturer's directions. The plasmids were then quantitated and serial dilutions were prepared starting at 10 7 copies (4 to 6-fold dilutions) and conserved at −20°C. The real-time PCR was performed on an ABI PRISM 7700 Sequence detector, using the ABI PRISM 7700 Sequence detector Software 1.6 (Perkin Elmer/Applied Biosystems [36] [37] [38] ). Optimal reaction conditions for amplification of the genes were as follows: 50 cycles of a two step PCR (95°C × 15 s; 60°C × 60 s) after initial denaturation (95°C × 10 min). All the reactions for samples or standard were run in triplicate. The Raji cell line was used as the negative control.
14 A standard curve was then constructed plotting the cycle threshold (Ct) against the known copy number of each standard sample. There was a linear decrease of the Ct in proportion to the log of the starting copy number with a correlation coefficient ranging from 0.97 to 1.00 in the five genes. For quantitation, expression of each genes was normalized by comparison with GAPDH expression. [36] [37] [38] Normalized levels of unknown samples were calculated as the ratios between the investigated gene (NF-E2a, NF-E2f , MafG or TXS) and GAPDH. The following ratios were also calculated: NF-E2a/NF-E2f, NFE2a/MafG and NF-E2f/MafG.
Western blot analysis
Total cell lysates were prepared by adding 100 l lysis buffer to PBS-washed cell pellets of MK cells of normal controls, ET patients or megakaryoblastic cell lines (2 × 10 6 cells). The lysis buffer consisted of 50 mM NaF, 1 mM EDTA, 250 mM NaCl, 50 mM Tris, pH 7.5, 0.1% Triton X-100 in the presence of protease inhibitors (Sigma). The cell suspension was incubated at 4°C for 30 min and then centrifuged for 20 min at 13 000 g at 4°C. The supernatant was recovered and frozen at −80°C. The protein concentrations were determined by the DC Protein assay (Bio-Rad, Munchen, Germany) according to the manufacturer's instructions. Twenty micrograms of protein from each sample were diluted to 12 l with distilled water and then added to 12 l 2 × sample buffer (0.75 mol/l of TrisHCl pH 8.8, 4% SDS, 20% glycerol, 1.25% 2-mercaptoethanol and 0.5% bromophenol blue). Cruz marker molecular weight standards (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and samples were loaded on to 10% SDSacrylamide/bis-acrylamide (29:1, Sigma) gel, electrophoresed at 100 V for 90 min and blotted on to nitrocellulose membranes (Hybond C; Amersham, Arlington, IL, USA). The transfer buffer consisted of 0.05 mol/l of Tris-HCl, 0.038 mol/l of glycine and 20% methanol. After blocking overnight at 4°C in 5% non-fat milk and washing with TBS-0.1% Tween 20, Leukemia the membranes were incubated with a polyclonal rabbit anti-NF-E2 p45 or anti-NF-E2 p18 (1:2000; Santa Cruz) for 2 h at 4°C. The membranes were then washed and incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:4000; Santa Cruz) for 2 h at RT. After washing, the membranes were incubated with the detection reagents (ECL Western blotting detection system; Amersham) and then developed by autoradiography. Membranes were re-probed for actin (as a loading control), using monoclonal goat anti-actin antibody (Santa Cruz) for detection.
Statistical analysis
Comparisons among groups were performed by KruskalWallis (KW) test or Wilcoxon test, as appropriate. All tests were two sided. P values Ͻ 0.05 were considered significant.
Results
Characterization of the cultured CD34-derived MKs from normal donors and ET patients or cell lines
In order to characterize MK maturation, CD34
+ BM cells from normal donors or ET patients were cultured in serum-free liquid cultures in the presence of 100 ng/ml thrombopoietin, which was added in culture at day 0 and then every 3 days during the period of incubation. After the full maturation time (14-16 days of culture), the total number of viable cells was counted by Trypan blue dye exclusion. MK differentiation was assessed by light microscopy evaluation after May-Grunwald Giemsa staining, and by analysis of ␣ IIb ␤3 expression with a CD41a MoAb and flow cytometry. After 14-16 days of culture, the number of viable cells expanded 8-to 16-fold with respect to day 0, and polyploid megakaryocytes were detectable at light microscopy examination (Figure 1a) . Morphological examination showed the presence of cells belonging to various maturational stages of megakaryocytopoiesis with small mononucleated megakaryoblasts together with fully developed MKs. The MK maturation was confirmed by the high-level expression of ␣ IIb ␤3 + cells in CD34-derived MKs. ET and normal cells showed a percentage of ␣ IIb ␤3 + cells ranging from 90 to 94% (Figure 1b) . ␣ IIb ␤3 expression of cell lines was also evaluated (Figure 1c) .
Expression of NF-E2a and NF-E2f isoforms in malignant MK cells
We initially investigated whether NF-E2 expression was deregulated in the CD34-derived MK cells of ET. For this purpose, CD34
+ cells, either from normal subjects (five cases) or from ET patients (eight cases) were cultured in a serum-free medium plus TPO (100 ng/ml) for 14-16 days. We then analyzed the NF-E2 mRNA expression in a pure population of CD34-derived MKs. In parallel experiments, we also studied NF-E2 mRNA expression in the (MK1, Mk2, B1647, HEL, M07e, K562) cell lines. Using real time RT-PCR, we quantitated the a and f isoforms of NF-E2 mRNA in each sample, expressed as normalized NF-E2a/GAPDH and NF-E2f/GAPDH ratios ( Figure 2) . The NF-E2a/GAPDH ratio was significantly reduced in ET patients with respect to healthy subjects (median 0.085, range 0.026-0.16 vs median 0.32, range 0.24-0.4; P = 0.007). In the cell lines, the NF-E2a/GAPDH ratio was even lower (median 0.022, range 0.008-0.03; P = 0.01 vs healthy subjects; P = 0.003 vs ET patients). A similar pattern was apparent for the NF-E2f/GAPDH ratio (healthy subjects: median 0.03, range 0.025-0.042; ET patient: median 0.01, range 0.006-0.027; cell lines: median 0.0045, range 0.0025-0.01; healthy subjects vs ET patients and cell lines P = 0.007 and P = 0.01, respectively; ET patients vs cell lines, P = 0.02). Analysis of the NF-E2a/NF-E2f ratio revealed a nonsignificant decrease between healthy subjects and ET patients (median 10.1, range 8.5-12.9 vs median 6.7, range 5.4-10.6). In the cell lines, the NF-E2a/NF-E2f ratio (median 4.065, range 2.5-6.7) was significantly lower than in either the ET patients (P = 0.01) or the healthy subjects (P = 0.01).
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Expression of MafG and TXS in malignant MK cells
To further characterize the NF-E2 expression in the malignant MK cells, we investigated the expression of the MafG gene, the partner of NF-E2 in MK differentiation, and of the TXS gene, which is directly regulated by NF-E2. As shown in Figure 3 , the MafG/GAPDH ratio was similar in healthy subjects (median 0.006, range 0.003-0.01) and ET patients (median 0.007, range 0.004-0.01), but was significantly lower in the cell lines (median 0.002, range 0.001-0.005) (P = 0.001 and P = 0.04 vs ET patients and normal subjects, respectively).
Since NF-E2/MafG heterodimers and Maf/Maf homodimers, respectively, seem to act as positive and negative regulators of transcription, 6, 9, 39 we analyzed the NF-E2/MafG ratio for both the a and f NF-E2 isoforms. No difference in the NFE2f/MafG ratio was observed among healthy subjects (median 1.4, range 1.0-3.1), ET patients (median 1.2, range 0.9-2.3) and cell lines (median 1.4, range 1.2-2.4) (Figure 4) . However, the NF-E2a/MafG ratio was significantly lower in ET patients than in healthy subjects (median 11.6, range 7.2-14.4 vs median 22.1, range 16.5-31.7; P = 0.01); in cell lines, the ratio (median 6.2, range 1.9-14.6) was significantly lower with respect only to healthy subjects (P = 0.002) (Figure 4) .
Interestingly, as can be seen from Figure 5 , the TXS/GAPDH ratio was significantly lower in cell lines (median 0.0004, range 0.0002-0.01) with respect to both ET patients (median 0.02, range 0.004-0.03) and normal subjects (median 0.04, range 0.03-0.06) (P = 0.001 and P = 0.0007, respectively). The reduction in the ratio between ET patients and healthy subjects was also significant (P = 0.01).
NF-E2 and Maf protein expression
In parallel experiments, the MKs from healthy subjects and ET patients or cell lines were also tested for NF-E2 and MafG proteins expression by Western blotting (Figure 6 ). In the cell lines, NF-E2 protein expression was clearly reduced with respect to the MKs of either the healthy subjects or ET patients. No difference in NF-E2 protein expression was observable between ET patients and healthy subjects. Maf protein expression was comparable in healthy subjects and ET
Figure 3
MafG mRNA quantitation (MafG/GAPDH ratio) by real time RT-PCR in CD34-derived MK cells of normal subjects and ET patients, and in cell lines. Each point represents the mean of two experiments performed in triplicate. The black line represents the median value. Apart from the comparison between ET patients and controls, all the other pairwise comparisons among the three groups were significant (P = 0.01 overall, KW test).
Figure 4
NF-E2f/MafG ratio (a) and NF-E2a/MafG ratio (b) in CD34-derived MK cells of normal subjects and ET patients, and in cell lines. Each point represents the mean of two experiments performed in triplicate. The black line represents the median value. Whereas no difference in NF-E2f/MafG ratio was observed among the three groups, for the NF-E2a/MafG ratio all the pairwise comparisons were significant (P = 0.002 overall, KW test) except for that between ET patients and cell lines.
Figure 5
TXS/GAPDH ratio of normal and malignant MK cells. Each point represents the mean of two experiments performed in triplicate. The black line represents the median value. All the pairwise comparisons among the three groups were significant (P = 0.001 overall, KW test).
patients (it is noteworthy that, with respect to the other four cell lines, B1647 showed lower Maf protein expression).
Discussion
ET is thought to be caused by molecular lesions in critical genes responsible for regulating the proliferation and differen- tiation phases of megakaryocytopoiesis. 19 The initial hypothesis that the c-Mpl oncogene receptor and thrombopoietin play fundamental roles in the genesis of all malignant MK disorders including ET 19, 20 has lost ground. Although thrombopoietin gene mutations are present in familial thrombocytosis, causing increased plasma levels of the ligand, 40 in ET there is no evidence of structural mutations in either gene, 41, 42 suggesting the involvement of other molecules. Among the various transcription factors implicated in megakaryocytopoiesis, FOG, GATA-1, and NF-E2 play essential roles. [43] [44] [45] [46] In mice, the NF-E2 deficient phenotype differs markedly from other transcription knockouts affecting the MK lineage.
2 For example, the thrombocytopenia encountered in GATA-1-deficient mice derives not only from incomplete cytoplasmic MK maturation but also from nuclear immaturity (the anemia found in these mice is particularly severe). 45 Furthermore, mice lacking FOG show failure of megakaryocytopoiesis at a much earlier stage and also suffer from arrested erythropoiesis. 46 Thus, in a possible hierarchy of transcription factors involved in megakaryocytopoiesis, FOG and GATA-1 seem to affect only the early phase of MK development, while terminal MK maturation and platelet production appear to be regulated by NF-E2. 46 However, NF-E2 may have a broad spectrum of action, since it also appears to be required to regulate replication of the progeny of committed MK precursors. 47 In the present study, we investigated whether deregulated expression and/or activity of the NF-E2 transcription factor could play a prominent role in the malignant megakaryocytopoiesis that characterizes ET and megakaryoblastic cell lines (MK-1, MK-2, HEL, B1647, M07e). Among the various transcription factors that affect megakaryocytopoiesis we chose to study NF-E2 because: (1) the syndrome developed by NF-E2 knockout mice specially affects megakaryocytopoiesis (and only to a lesser extent erythropoiesis or granulocytopoiesis); (2) although ET megakaryocytopoiesis is abnormal at all stages of development, the increased ploidy and the prevalence of large, mature cells suggest a link with NF-E2 deregulation; (3) retroviral integration within the Fli-2 locus results in inacti-vation of NF-E2 in Friend erythroleukemias, suggesting that loss of NF-E2 function may contribute to leukemogenesis. 48 Our results indicate that the activity, but not the expression, of NF-E2 is altered in malignant MK cells from ET patients. With respect to normal cells, expression of the two isoforms (a and f) of the NF-E2 gene was reduced both in ET MKs and in malignant cell lines bearing MK features. However, decreased NF-E2 protein expression was observable only in the cell lines and not in the patients' MKs.
On the other hand, analysis of the NF-E2a/MafG mRNA ratio and TXS mRNA expression did provide strong indirect evidence that the activity of the a isoform of NF-E2 is altered in malignant MKs. Indeed, with respect to healthy subjects, both these parameters were significantly reduced in MK cells from ET patients (as well as in the cell lines). Regulation of MK transcription by NF-E2 seems to be dependent on the abundance of small Maf proteins. 4, 6, 9, 39 It is thought that when there is a lower amount of small Mafs than NF-E2, Maf-NF-E2 heterodimers become the dominant species in the cells, activating transcription, whereas when the small Mafs exceed the NF-E2, they form Maf homodimers or heterodimers and suppress transcription by occupying the MARE sites. 6 In our study, NF-E2 mRNA expression always exceeded that of MafG. However, the reduced NF-E2a/MafG ratio in the malignant MK cells from ET patients suggests an alteration in the balance between the a (but not the f) isoform of NF-E2 and MafG. This should have a direct effect on TXS gene expression, which is directly regulated by NF-E2. 16 In fact, we recorded significantly downregulated TXS mRNA expression among the malignant MK cells from ET patients. The downregulation was even more pronounced in the cell lines. While the expression of the TXS gene in ET MKs could be referred to altered Nf-E2a activity only, the immaturity of the cell lines could further limit the production of transcripts.
The reduced amount of NF-E2 mRNA and protein in the malignant MK cell lines studied by us does not seem to be related to the immaturity of the cells. NF-E2 is present early in MK ontogeny 4 and Toki et al 49 demonstrated that NF-E2 transcripts in both a and f isoforms were detectable in maturating MKs at day 7 of culture.
In order to better characterize NF-E2 protein expression, we also checked whether the protein was differently localized in the malignant cells (from ET patients or cell lines) in comparison with the normal MKs. Fluorescence microscopy demonstrated that the protein was localized in the nucleus both in the normal and malignant MKs (data not shown). Thus, altered distribution of the protein would not appear to be responsible for NF-E2 deregulation in malignant MKs.
Studying NF-E2 expression during normal human hematopoiesis in the erythroid and granulocytic compartments, Labbaye et al 50 found that while the mRNA and protein were only barely detectable in quiescent hematopoietic progenitor cells, they were gradually induced in both erythroid and granulocytic cultures. During maturation, NF-E2 further accumulated in the erythroid pathway, whereas it was suppressed in the granulopoietic series. Toki et al 49 recently characterized the two NF-E2 isoforms in CD34-derived MKs from human umbilical cord blood, and found a prevalence of the a isoform. To our knowledge, the present study is the first to investigate NF-E2 expression in human adult BM MKs. Our mRNA analysis indicated that in normal human MKs the a isoform is much more highly expressed than the f isoform. This finding is also consistent with the preponderance of the a isoform found by Pischedda et al 13 and Moroni et al 51 in adult human BM and the myeloid component of mouse BM, respectively.
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In addition, the a isoform is known to predominate in human peripheral granulocytes, which abundantly express the NF-E2 transcript. 52 As regards the f isoform, Moroni et al 51 found that it predominated (comprising about 75% of the total transcript) in a highly-enriched erythroid cell population derived from adult mouse BM. It was also recently reported that the f isoform is more expressed in the cells of the erythroid pathway than in MK cells, and is downregulated in HEL cells after exposure to maturating agents like phorbol myristate acetate. 49 Therefore, the f isoform seems to play a major role in the erythroid compartment. Our finding that the NF-E2a/MafG ratio but not the NF-E2f/MafG ratio was reduced in MKs of ET patients and in the malignant cell lines is in keeping with the concept that only the a isoform plays a major role in MK development. 13, 49 Furthermore, while both NF-E2 isoforms (and especially NFE2a) were significantly decreased in the mRNA of malignant MKs (derived from both ET patients and cell lines) with respect to their normal counterpart, the overall prevalence of the a isoform was retained. These findings can all probably be explained by the more-erythroid specific characteristics of the f isoform.
In conclusion, we provide the first example of detailed characterization of NF-E2 in human malignant MK cells. Taken together, our results clearly demonstrate that the a NF-E2 isoform prevails over the f in normal and malignant human BM MK cells. They also suggest that the NF-E2 transcription factor could play a prominent role in the malignant megakaryocytopoiesis of ET and megakaryoblastic cell lines. It remains to be seen whether altered NF-E2a activity in some way influences MK malignant transformation or whether it is a consequence of the malignancy. Since retroviral integration within the Fli-2 locus results in inactivation of NF-E2 in Friend erythroleukemias, it is thought that the gene may act as a tumor suppressor whose disruption or dysfunction confers a growth advantage to the leukemic phenotype. 48 Therefore, it would be interesting to evaluate NF-E2 expression and activity in cells from acute megakaryoblastic leukemia patients.
